ABSTRACT
Improved complex system design methods can lead to innovative, efficient, and robust product designs. This research aims at improving the design of products that compose a portion of, or exist within, a complex system. Before attempting to improve product designs, one requires a better understanding and characterization of complex systems. One method to characterize optimized and robust complex systems is to use the Theory of Highly Optimized Tolerance (HOT). The theory states that highly optimized and tolerant complex systems are robust in conditions for which they were designed, but fragile in the face of unanticipated events. Highly robust and optimized complex systems are abundant in the biological domain. In fact, nature represents a vast resource for innovative solutions to varied design problems. Leveraging these solutions to solve engineering problems is often referred to as biomimetic design. This research analyzes twenty bio-inspired engineering products including the biological system from which they were derived. The HOT theory is used analyze the biomimetic systems and identify the inherent characteristics that make the designs robust to their environment. These characteristics were reviewed to identify common features and trends present within the information transfer between the biological and engineering domains. Finally, the inferred features and trends were abstracted into usable guidelines stated as nine biomimetic design guidelines. Similar to the forty Theory of Inventive Problem Solving principles, these bioinspired guidelines could aid engineers in developing innovative and robust solutions to design problems. In fact, a similarity between some of the biomimetic design guidelines and TRIZ principles is observed. This correlation suggests that solutions perceived as innovative in the engineering domain match those in nature.
INTRODUCTION
In today's global market, products are becoming ever more complex in order to meet an increasingly diverse set of consumer needs. Product developers face difficulties in managing and understanding this complexity as they develop newer systems with greater functionality and more complicated interactions.
Complexity is also seen in biological systems that are built on complicated and nonlinear interactions of a few well-defined building blocks. We generally associate these building blocks to genes and cells in biological systems. Their interactions foster the system's development over time, resulting in a complex organization that is not apparently clear or systematic. Yet most biological systems are well adapted to their environment and successfully perform their functions while interacting with the environment.
Engineered complex systems on the other hand, are often inefficient and can experience failures despite, or because of, their complex structures. Adding redundancies and taking corrective measures can reduce risks of failure, but are costly and sometimes inefficient alternatives. Therefore, increasing efficiency and robustness through better design is important for all engineering products and can lead to considerable savings over a product's life.
Design methods used today encompass a large variety of techniques and tools developed using different conceptual foundations [1] . There are also constant efforts made in researching strategies to improve these methods and in turn product designs. One promising strategy is to develop new tools and techniques that can aid designers to use inspiration from nature to develop innovative and effective engineering solutions. It is proposed that lessons learned from reviewing successful natural systems could help engineers design superior complex products [2] . Such innovative engineering solutions inspired by nature are called biomimetic designs.
Bar-Cohen refers to biomimicry as the imitation and study of nature's methods, designs, and processes [3] . Traditionally, bio-inspired designs like Velcro® have come about through opportunistic innovation [4] . However, realizing biomimetic solutions for existing design problems requires developing methods that can help formalize biomimicry as a process. We propose that studying the information transfer involved in the biomimetic design process can help to identify the underlying characteristics and features involved there in. This can in turn provide insight into the process itself, thereby helping designers save time while effectively developing engineering solutions inspired by nature.
The research approach followed here includes using the theory of Highly Optimized Tolerance as a tool in comparing the natural system to its corresponding biomimetic engineered system. Carlson and Doyle propose that highly optimized complex systems are robust to designed for environment conditions, but fragile in response to unexpected perturbations [5] . Effective and robust performance within designed for conditions is a desired quality in complex systems. Reviewing this highly optimized and tolerant state of a system can help identify the characteristics that make it robust. These characteristics were identified in twenty natural systems and their corresponding biomimetic systems.
These characteristics were subsequently compared and analyzed to create a set of generic biomimetic design guidelines. The biomimetic design guidelines could aid designers in developing innovative, efficient, and robust bioinspired engineering systems.
The report includes a review of the literature related to biomimetics and highly optimized tolerance in the context of complex systems. A detailed research approach section illustrates the use of the highly optimized tolerance theory in analyzing the biomimetic process. Observations and analyses of this review are summarized in the results section of this paper. Finally, the conclusions inferred from the results are presented.
RELATED WORK
Advances in technology have led the development of systems with greater functionality and more complicated interactions. Similarly, the products that compose a portion of, or exist within, such complex systems have also evolved. There are numerous systematic design methods and tools at the disposal of today's designers [1, [6] [7] [8] . However, increasingly complex requirements call for continued improvements in existing design methods as well as the development of new design methods and tools [9] .
The focus of this work is on the use of biology or the natural world in creating new and improved innovative design solutions. Specifically, the research goal includes the development of design tools that can aid designers in effectively leveraging biological knowledge to build efficient engineering systems. The theory of highly optimized tolerance is used to analyze twenty biomimetic designs with a view to developing the desired design tools.
Carlson and Doyle proposed the theory of highly optimized tolerance to explain the failure tendencies in highly complex and optimized systems [10] . They show that robust complex systems display high tolerance to designed-for conditions, while fail when faced with small and unanticipated perturbations [11] . This suggests that a complex system's successful functioning is closely related to its interaction with the environment.
Such interdependence between a system and its environment is also apparent in nature. In fact, the HOT theory also applies to complex biological systems [12] . Evolution in biological systems has led to their efficient and profitable interaction with the environment. As a result, nature has solved many design problems faced by engineering systems today [2] . Leveraging nature's solutions to solve engineering problems is a growing research field and is referred to as biomimicry [2] .
Biomimetic designs techniques include imitating natural process [13] , copying biological structures [14] , and drawing inspiration from a biological system [15] . The use of functional models in biomimetic design has also been proposed [16] . However, Benyus suggests that not enough has been done to push for a greater use of biomimetic design, which could be the answer to today's need for robust and efficient engineering systems. A contributing factor to this problem could be the limited understanding of the methodologies and characteristics involved in biomimetic design.
Understanding and characterizing the information transfer between biological and engineering systems could lead to the development of useful biomimetic design tools and techniques. The theory of highly optimized tolerance can help characterize the information transfer and thereby offer an insight into the process of biomimicry.
RESEARCH APPROACH
The research methodology involves analyzing twenty different biomimetic designs. Each natural system and its corresponding bioinspired engineering system are individually analyzed using the theory of highly optimized tolerance. Thus, the approach is based on using two tools: the HOT theory and the biomimetic design theory.
THEORY OF HIGHLY OPTIMIZED TOLERANCE (HOT)
The statistics of many natural and engineered complex systems have been shown to follow a power law behavior as detailed by Newman [17] . In other words, a plot of the likelihood of an event (such as floods, earthquakes, or man-made disasters) versus the event's size displays a power law curve. Carlson and Doyle proposed the theory of highly optimized tolerance to account for similar failure tendencies observed in interconnected and complex systems [12] .
They use a simple forest fire model to illustrate their theory. In this case, a highly optimized tolerant state refers to an optimal distribution of trees and firebreaks to ensure a high timber yield and low fire spread. The HOT system is robust to the dangers of anticipated spark distributions, but highly susceptible to design flaws since a forester cannot consider all possible scenarios. Contrastingly, a random distribution of trees could result in uncontrolled responses to a spark. Beyond a certain 'critical' density, the spark could cause complete devastation. Therefore, the key consideration in a HOT system is its design; which allows it to sustain conditions that would generally cause instability in arbitrarily designed systems [5] .
In effect, the HOT theory suggests that highly interconnected, non-self similar complex systems can be robust in the face of anticipated and designed-for conditions; and yet be too fragile to sustain unexpected events. Lower failure rates within designed-for environmental conditions are a desired, if not end all goal of complex system design.
BIOMIMETIC DESIGN
Biomimicry refers to the process of using nature's efficient design solutions to inspire engineering innovations. Natural systems have evolved over time to successfully solve many design challenges. Evolution and natural selection has led to optimized and highly robust biological systems. These complex biological systems exhibit characteristics of a highly optimized tolerance state [18] . In fact, these characteristics make the natural system robust to its environmental conditions. Bio-inspired products that inherit these characteristics from natural systems are not only innovative and efficient, but also robust to their environment.
Consider the bio-inspired product, Velcro®. Velcro is a hook-and-loop fastener developed by George de Mestral, who noticed how hooks of the cocklebur seed stuck to his dog's fur. In this case, the biological system is the cocklebur whose spherical seeds or burs are covered with small hooks as seen in Figure 1 below. These arrayed hooks attach to animal fur, feathers, and other fibrous materials to enable seed dispersal. The cocklebur has the following HOT characteristics: light weight for easy transport, spherical shape and therefore omnidirectional hooks for easy attachment, and dense hook array for redundancy that enhances attachment probability. These characteristics make the bur's design robust to its environment and allow it to successfully achieve its goals.
Identifying and reviewing the HOT characteristics of a biological system can help understand the basis of the information transfer between the biological system and its complimentary engineered system. A methodical study of the information transfer in existing biomimetic systems can help develop guidelines for designing more innovative and efficient bioinspired products.
RESEARCH PROCEDURE
An explicit research procedure is followed to ensure uniformity in analyzing the twenty different biomimetic designs. The approach includes three major steps: identify, sort, and evaluate the biomimetic designs, detailed review of the biomimetic designs, and developing a set of generic design guidelines.
IDENTIFY, SORT, AND EVALUATE BIOMIMETIC DESIGNS
There are many biomimetic designs developed in various engineering fields. Over 80 papers related to bio-inspired engineering designs and biomimetic concept proposals were reviewed for the research reported here [21, 22] . A criterion is established to evaluate each bioinspired system and determine whether it can be considered for further analysis and review.
Evaluation criterion:
The basic scope of this research includes the evaluation and review of biomimetic designs that lend themselves to an analysis based on the theory of highly optimized tolerance. Thus, both the natural and corresponding engineering system must be well defined and should display robust performance within their respective environments. Additionally, a detailed analysis would require that the proposed or developed biomimetic systems be soundly described and clearly illustrated. Without a clear understanding of the biomimetic system, inferring the characteristics that make the system robust is very difficult.
Based on this understanding, certain research on biomimetic systems is not included in this study. The detailed criterion for exclusion with example illustrations is listed below.
Control systems imitating a biological
system's motion are not considered in this research. Although imitating motion is advantageous in fields like robotic automation, it is not included within the bounds of this research. This is because there is a large disparity in the composition and abilities of the biological system and its corresponding bio-inspired engineering system. Additionally, the focus of this research is on the creation of robust solution concepts. In current engineering practice, control strategies and laws are developed after basic solutions concepts have been generated. Thus, the development of biomimetic control strategies is seen as downstream from the focus here.
An example of such a system is a biomimetic robot imitating the locomotion of a cockroach. Comparisons between the locomotion of the bio-inspired robot and the cockroach reveal the existing disparity [23] . Researching specific methodologies that can help develop control systems to better imitate the cockroach's leg motion is not within the scope of this research. Similar examples include a biomimetic artificial muscle actuated finger [24] , a bioinspired feedback design for Drosophila flight All the biomimetic designs were tested against the above criteria. Of the over eighty biomimetic designs, around 35 met the requirements. However, grouping papers that discuss the same designs narrowed the final count to twenty distinct biomimetic designs that are reviewed in detail.
4.3.2
DETAILED BIOMIMETIC DESIGN REVIEW Once identified, the twenty biomimetic systems were reviewed based on the theory of highly optimized tolerance. Each natural system and its corresponding bio-inspired engineering system were analyzed to identify the characteristics that made them optimally tolerant and robust to the environment. Those characteristics transferred from the natural to the engineering domain were examined for common features and trends. An abstraction of the inferred features and trends led to the development of nine biomimetic design guidelines. This section illustrates the procedure with the help of an example, a synthetic dry adhesive tape inspired by the gecko foot's attachment properties.
In this case, the biological system is the gecko while the inspired engineered system is a synthetic dry adhesive tape. The next step is to analyze the biological system and identify its HOT characteristics. The HOT characteristics are the system's inherent characteristics that make it optimally tolerant and robust to the environment.
The gecko's remarkable ability to climb smooth surfaces is attributed to molecular van der-waals forces. Each foot consists of an array of slender microstructures called setae. Arranged in a grid-like pattern, each setae end has hundreds of hair like spatular tips. The nanoscaled tips can get very close to the external surface. This proximity of the nanoscale tips to the exterior surface results in an attraction through van der-waals forces. A typical gecko foot attached to a glass surface is seen in Figure  2 The gecko activates and deactivates its adhesion by dragging its foot along the surface and lifting it off the surface, respectively [31] . Additionally, the gecko foot's self-cleaning ability is attributed to the size and structure of its spatular tips. A dirt particle in contact with a surface on one side and spatular tips on the other; adheres to the surface since it is energetically favorable [32] .
Therefore, the gecko's foot attachment mechanism has three important HOT characteristics: dense array of setae with spatular tips provides high redundancy, size and shape of tips facilitates intimate contact with any surface, the setae's grid arrangement ensures directional adhesion, and the size of the spatular tips facilitates self-cleaning. These characteristics allow to the foot to attach to surfaces of varied sizes, shapes, and wetness at any angle. Thus, the attachment mechanism is robust to its designed-for environment conditions.
Reviewing and understanding how these HOT characteristics transfer into the engineering domain is the next important step. The engineering system inspired by the gecko's climbing mechanism is a synthetic dry adhesive tape. Various different adhesive pads and tapes using varied manufacturing techniques have been developed. Despite different manufacturing technologies used, the basis of all the designs is a large number of nanoscale hair like structures attached to the tape in a grid like pattern as seen in Figure 3 below. HOT characteristics transferred from the biological system to the engineered system include adhesion redundancy using a dense grid arrangement of small nanoscale structures to facilitate van der-waal force interaction, directional adhesion, surface tolerance, and selfcleaning. Thus, making the bio-inspired engineering design highly robust to environmental conditions when compared to conventional adhesive tapes [34] .
The improved design is robust to surface type, chemical composition, and wetness. It is also reusable and can provide directional adherence, which is controlled through manufacturing methods [35] . Thus, these robust properties are a result of HOT characteristics that can be traced back to the original biological system. A similar comprehensive review reveals the HOT characteristics and the resulting robustness within each of the other biomimetic products reviewed.
DEVELOPING A SET OF GENERIC CHARACTERISTICS OR GUIDELINES
Following the detailed review process, HOT characteristics transferred from the natural to the engineering systems were examined for common features, general trends, and underlying principles. The trends, features, and principles are abstracted into generic design guidelines.
The process of abstraction is intuitive and therefore not all the guidelines conform to an equal level of abstraction. However, each guideline represents a common feature, trend, or principle observed in the information transfer from the natural to the engineering domain, thus characterizing the process of biomimicry.
RESULTS
The research analysis included a comprehensive review of twenty biomimetic systems or products. The HOT theory helped identify robust characteristics inherent in both the biological and engineered system. Once identified, these characteristics were reviewed for similar or common features and trends. Lastly, these features and trends were abstracted into usable guidelines stated as nine biomimetic design guidelines.
The nine guidelines and two example bioinspired characteristics for each principle are illustrated in Table 1 below. Also included above is the percentage of reviewed biomimetic designs that inherently displayed the use of the specific biomimetic design guideline.
The proposed design guidelines can serve as a helpful tool for designers using bio-inspiration to solve engineering design problems. They can help designers effectively adapt biological design solutions to engineering systems; thereby making the engineered system highly optimized to tolerate designed-for environmental conditions using an inexpensive and efficient design.
EXPLANATION OF BIOMIMETIC DESIGN GUIDELINES
Having summarized the biomimetic design guidelines and example characteristics, the following section explains each guideline using an example biomimetic system or product.
GUIDELINE I: Incorporate multifunctionality Look to incorporate multi-functionality to components of the system. Overlapping functionality is also desirable.
A major characteristic of biological designs is that they are highly economical and therefore efficient. Multi-functionality is a key factor in every system's economical design. The gecko foot's setae and spatular tip structure is multifunctional in that it is self-cleaning and also enables the gecko to attach to smooth vertical surfaces. Similarly, the synthetic dry adhesive tape is self-cleaning and reusable, but also meets the attachment requirements. These functions are met by a single structure of hair like protrusions arranged in a dense array.
GUIDELINE II: Interact with & use environment versus isolation
Instead of isolating the system from the environment or altering the environment forcefully, use the environment itself to aid the design solution.
Interdependence and symbiosis is abundant not only between natural systems but also between natural systems and their environment. An ideal example is the termite mound and its use of the external environment to maintain a constant desirable internal temperature. The Eastgate Complex seen in Figure 4 is inspired by this phenomenon and circulates the fresh external air throughout the building. Fans and duct systems are used to draw the outside air over an atrium with plants and ponds at the building's base. Once the air is thermally regulated it raises upwards through ducts that deliver it to all the floors. As the air heats up it continues to rise and exits the building from numerous chimneys on the roof. Thus, this system-environment interaction maintains the desired internal conditions and makes the system highly efficient in terms of power usage and potential failures.
GUIDELINE III: Fit form to function
Meet the required functional goals by adapting the system's form: shape, surface structure, and composition.
Fitting form to function is one of nature's most efficient design characteristics. There are many notable examples of such designs in nature and they include the kingfisher's beak, the shark's skin texture and body shape, and the lotus leaf's texture and orientation. Two such examples are seen in Figure 5 below. The Shinkansen bullet train design uses a conical nose to achieve high speeds and reduce noise while exiting tunnels. Thus the shape or form of the train's front-end serves to meet its functions. Another example is seen in and Similarly, the Speedo® FastSkin swimsuit uses a rough texture to reduce surface turbulence resulting in increased swimming speeds. Thus, the suit's surface form helps in meeting the required function.
GUIDELINE IV: Use self-similar redundancy to achieve the critical objective To achieve a definitive objective, look for ways to incorporate self-similar structural or elemental redundancy at a given level of abstraction.
The HOT theory proposes non-self similar designs at different abstraction levels for a robust complex system. However, at the same abstraction level, redundancy helps accommodate changes in environmental conditions and therefore increases robustness. Gecko feet, cocklebur burs, and shark's skin are among many natural systems that exhibit a highly redundant pattern or structure used to attain an essential objective.
Similarly, engineered systems that adapt such techniques increase their tolerance to designed-for environmental conditions. For example, the Gecko inspired adhesive tape uses a large number of nano-scaled hair-like structures arranged in a dense grid pattern. This allows the tape to maintain an attachment to even rough and irregular surfaces. Other engineered systems that use redundancy inspired by nature include solar panels with micro-structural ridges to avoid light reflection, FastSkin swimsuits with rough texturing to increase swimming speed, and self cleaning surfaces that have small nano-scaled protrusions.
Often such redundancy as an effective design solution is overlooked in conventional engineered systems. Replacing a single structure with multiple similar structures increases the probability of its effectiveness. Consider a simple hook and loop mechanism with one hook and one loop. However, introducing redundancy in terms of multiple hooks and loops increases the probability of attachment and hence the system's robustness.
GUIDELINE V: Provide artificial environment for optimal performance
If the biological system is highly adapted to its immediate environment, check for ways to provide the engineered design with a specific and artificial environment that optimizes its performance.
Consider the case of Velcro® inspired by the cocklebur plant's seeds that have small hooks all around its spherical surface and are extremely lightweight. Thus, the seeds or burs are highly adapted to attach to things in its immediate vicinity. Correspondingly, Velcro also uses a strap with hooks and a fibrous mating strap. This fibrous strap is designed to optimize the hooks' attachment.
GUIDELINE VI: Prevention over correction
Use preventive, instead of reactive or corrective, design solutions.
Prevention is a more efficient method to achieve design objectives and therefore prevalent in natural designs. The lotus grows in dirty swamps and yet maintains clean leaves. This is attributed to the leaves' surface structure that makes them hydrophobic and self-cleaning. The surface consists of hydrophobic protruding microstructures that cause the water droplets to maintain a spherical shape. These droplets roll off the surface taking with them the dirt particles that are present on the leaves' surface as seen in Similar engineering designs include selfcleaning and hydrophobic roof tiles, car windshields, building paint, and solar panels among others. These designs not only increase system performance and efficiency, but also avoid the need for reactive cleaning measures. For instance, water droplets on the bio-inspired windshield maintain their spherical shape and slide off with the wind. Thus, the cleaning wipers are no longer needed.
GUIDELINE VII: Use ubiquitous & spheroidal characteristics
Use ubiquitous and omni-directional features to increase robustness.
Natural systems often display features or elements that are omni-directional and ubiquitous so as to maximize the probability of achieving their objectives, and thereby increasing robustness. A perfect example is the spherical shape of the cocklebur bur. The bur has small hooks arranged in a dense array all around its spherical surface. This increases the probability of the hooks attaching to an animal's fur and thereby increasing the chances for fertilization. Similarly, engineering systems could increase efficiency and effectiveness through the use of spherical and curved features.
GUIDELINE VIII: Simplicity over complexity
Attempt to use simplest solution to design problem.
Although complexity seems evident in nature, a close look reveals that where possible biological systems use simple solutions. It is difficult to quantify the amount of complexity for a given design. However, evolution suggests that natural systems are built 'just right' to meet their design requirements. As a result, unnecessary design features and complexity is avoided where possible.
For instance, insects' compound eyes are an appropriate example of a simple solution to a simple objective. The eyes do not have the ability to focus and move, but make up for it with a simple wide field of view. They do not perceive accurate positioning details, but rather depend on qualitative perceptions of 'close', 'moving fast', or 'looming'.
Similarly, robotic visual sensing inspired by the use of simplistic solutions can reduce cost and increase efficiency. A simple contrast based visual sensing system integrates navigation and control into a single unit. Therefore, a reduction in the need for high accuracy eliminates the use of complex control systems, focusing techniques, and computing software resulting in a more robust system.
GUIDELINE IX: Use compound structures and configurations
Use compound structures to meet varied functional requirements.
Compound structures refer to components that consist of multiple materials to meet the design needs. Similarly, compound configurations refer to the arrangement and assembly of the constituent materials of the component. One such compound structure is the Namibian beetle's water harvesting wing structure. Hydrophilic peaks and hydrophobic lowlands form this compound wing structure. The hydrophilic peaks attract water droplets from the fog. These condensed droplets then flow down along the hydrophobic lowland (which prevent water loss) to the beetle's mouth.
Similarly, the inchworm inspired linear actuator is an example of a compound engineered structure. These highly accurate systems compose of two clamps or brakes and a flexible body housed on a guiderail. Electrical signals direct the breaking and releasing mechanism for the front and rear clamps. Thus, the inchworm inspired actuator moves a single step at a time. The composite structure provides flexibility and strength.
In fact, configuration plays an important role even in natural composites. Natural composite materials are often made out of simple constituents, but display remarkably superior properties. The red abalone snail's nacre shell is highly robust to its environmental requirements. Composed of calcium carbonate (in an aragonite crystal form) layered with Lustrin A protein, the nacre shell is 3000 times more resistant to fracture than its constituent materials [40] . This robust structural composition is illustrated in Figure 8 below. Similar highly optimized internal organization and structure is prevalent in other biological composites like mollusk shells, bird bills, deer antler, and animal tendons. Research in using highly optimized structural configurations has led to the development of a hybrid-ceramic display with high fracture toughness and yield strength [42] . It is composed on simple Aluminum oxide and polymethyl methacrylate, but its bio-inspired optimized structure underlines its robustness.
COMPARISON TO TRIZ
A few of the biomimetic guidelines are found to closely resemble some of the Theory of Inventive Problem Solving (TRIZ) design principles. The
The comparison below reveals a close correlation between six of the biomimetic guidelines and the TRIZ principles. This correlation implies that a close relationship exists between principles of innovative engineering design and innovative biological solutions. Nature through evolution has optimized its designs to achieve high efficiency and robustness. On the other hand, engineers over time have improved complex system design, but
have not yet achieved the efficiency and robustness prevalent in natural systems.
The TRIZ principles serve as a guide to innovative, robust, and efficient design solutions [43] . Unlike the bio-inspired guidelines that are developed through a review of successful biomimetic products, the TRIZ theory gains inspiration from reviewing and studying the patent database for innovative designs and their characteristics [44] . Most importantly, there is an overlap in the principles of innovative design despite the two different methods used to obtain them. Table 2 below lists similar guidelines and principles.
The comparison below reveals a close correlation between six of the biomimetic guidelines and the TRIZ principles. This correlation implies that a close relationship exists between principles of innovative engineering design and innovative biological solutions. Nature through evolution has optimized its designs to achieve high efficiency and robustness. On the other hand, engineers over time have improved complex system design, but have not yet achieved the efficiency and robustness prevalent in natural systems.
The TRIZ principles serve as a guide to innovative, robust, and efficient design solutions [43] . Unlike the bio-inspired guidelines that are developed through a review of successful biomimetic products, the TRIZ theory gains inspiration from reviewing and studying the patent database for innovative designs and their characteristics [44] . Most importantly, there is an overlap in the principles of innovative design despite the two different methods used to obtain them. Dynamics: Allow or design the characteristics of an object, external environment, or process to change to be optimal or to find an optimal operating condition Local quality: Change an object's structure from uniform to nonuniform, change an external environment or external influence from uniform to non-uniform; Make each part of an object function in conditions most suitable for its operation Prevention over correction Preliminary action: Perform, before it is needed, the required change of an object either fully or partially . Vincent also subscribes to the view that nature potentially represents a vast solution space for engineering design problems. In an attempt to bridge the gap between biological ideas and technological solutions, Vincent has created a 5 dimensional database. The proposed database would contain biological system information in a distilled format compatible with the application of design methods like TRIZ. Thus, the database can be used to determine TRIZ conflicts and in turn develop design solutions using the 40 TRIZ principles.
In contrast, our research does not aim to understand and organize information regarding specific biological systems' functioning and their corresponding environmental interaction; rather, it identifies TRIZ-like abstract design guidelines based on an overview of successful biomimetic designs. Therefore, these biomimetic guidelines can be used as a guide to innovative and robust solutions for engineering design problems. Thus, the database proposed by Vincent can be used in concert with the biomimetic guidelines, similar to its proposed use with the TRIZ principles.
CONCLUSIONS & FUTURE WORK
Biomimicry has the potential to improve the efficiency and robustness of engineered systems by inspiring innovative design solutions. However, improving the understanding of techniques and characteristics involved in biomimetic design methodology is paramount to the success of this endeavor.
Twenty biomimetic systems were reviewed using the theory of highly optimized tolerance. Each natural system and its corresponding bioinspired engineering system were analyzed to identify the characteristics that made them optimally tolerant and robust to the environment. The characteristics transferred from the natural to the engineering domain were examined for common features and trends. An abstraction of the inferred features and trends led to the development of nine biomimetic design guidelines. The guidelines could aid designers attempting to develop innovative and robust bioinspired solutions for varied design problems.
However, not all guidelines conform to an equivalent level of abstraction. For instance, fitting form to function is a guideline at a higher level of abstraction, while the guideline suggesting the use of compound structures and configurations in design is at a low level of abstraction. However, each guideline represents a common feature, trend, or principle observed in the information transfer between the natural and engineering systems and therefore characterizes the process of biomimicry.
The developed biomimetic design guidelines complement existing systematic design methods. When used in the design process, these guidelines can help guide and direct designers towards innovative and efficient design solutions.
Additionally, some of the biomimetic design guidelines were found to closely resemble the TRIZ principles. The Theory of Inventive Problem solving provides 40 principles inferred from studying the patent database, while the biomimetic guidelines developed in this research are inferred from studying twenty biomimetic designs.
This unexpected correlation between some of the principles suggests that solutions perceived to be innovative in the engineering domain match those in the biological domain. The presence of bio-inspired guidelines that do not match up with corresponding TRIZ principles suggests that there is more we can learn from nature's innovations. Julian Vincent has proposed a Database of Biological Effects to complement the use of design methods like TRIZ for bio-inspired solutions. Correspondingly, this same database can also be used in concert with the biomimetic design guidelines developed in this research, to create novel solutions to design problems.
Reviewing a broader range of biomimetic systems or products could reveal a more biomimetic design guidelines that match up with the rest of the 40 TRIZ principles. Importantly though, a correlation between the biomimetic guidelines and TRIZ principles implies that even without focusing on bio-inspiration, engineers have developed design solutions that closely resemble those used by nature. This only reinforces the need for a greater effort to use bioinspiration in engineering disciplines.
